We previously found that TYK2 tyrosine kinase signaling through its downstream effector phospho-STAT1 (p-STAT1) acts to upregulate BCL2, which in turn mediates aberrant survival of T-cell acute lymphoblastic leukemia (T-ALL) cells. Here we show that pharmacologic inhibition of heat shock protein 90 (HSP90) with a small-molecule inhibitor, NVP-AUY922 (AUY922), leads to rapid degradation of TYK2 and apoptosis in T-ALL cells. STAT1 protein levels were not affected by AUY922 treatment, but p-STAT1 (Tyr 701) levels rapidly became undetectable, consistent with a block in signaling downstream of TYK2. BCL2 expression was downregulated after AUY922 treatment, and although this effect was necessary for AUY922-induced apoptosis, it was not sufficient because many T-ALL cell lines were resistant to ABT-199, a specific inhibitor of BCL2. Unlike ABT-199, AUY922 also upregulated the proapoptotic proteins BIM and BAD, whose increased expression was required for AUY922-induced apoptosis. Thus, the potent cytotoxicity of AUY922 involves the synergistic combination of BCL2 downregulation coupled with upregulation of the proapoptotic proteins BIM and BAD. This two-pronged assault on the mitochondrial apoptotic machinery identifies HSP90 inhibitors as promising drugs for targeting the TYK2-mediated prosurvival signaling axis in T-ALL cells.
INTRODUCTION
T-cell acute lymphoblastic leukemia (T-ALL) is caused by the malignant transformation of thymocyte progenitors. Its prognosis has improved substantially with the introduction of intensified chemotherapy, with cure rates exceeding 75% in children and about 50% in adults. 1 , 2 Nonetheless, the clinical outcome in T-ALL patients with primary resistant or relapsed disease remains poor, 1 , 3 , 4 indicating an urgent need for new therapeutic approaches based on more effective and less toxic antileukemic drugs. 5 We recently reported a novel oncogenic pathway in T-ALL that involves aberrant activation of tyrosine kinase 2 (TYK2) and its downstream effector, STAT1, which ultimately promotes T-ALL cell survival through upregulation of the prosurvival protein BCL2. 6 This finding was the first to implicate TYK2, a member of the Janus-activated kinase (JAK) tyrosine kinase family, in T-ALL pathogenesis. Indeed, our gene knockdown experiments showed TYK2 dependency in 14 (88%) of 16 T-ALL cell lines and 5 (63%) of 8 patient-derived T-ALL xenografts, while pharmacologic inhibition of TYK2 with a small-molecule pan-JAK inhibitor, JAK inhibitor I, induced apoptosis in multiple T-ALL cell lines. 6 We concluded from these findings that in many T-ALL cases, the leukemic cells depend upon the TYK2-STAT1-BCL2 pathway to maintain cell survival, suggesting that inhibition of TYK2 would be beneficial in patients with T-ALL. Unfortunately, effective inhibitors of TYK2 are not available for clinical use, leading us to seek alternative approaches to target TYK2 in T-ALL cells.
Because TYK2 is a client protein of heat shock protein 90 (HSP90), 7 , 8 we considered that pharmacologic inhibition of HSP90 would be a reasonable strategy to disrupt TYK2 protein stability. As an ATP-dependent molecular chaperone, HSP90 participates in stabilizing and activating its client proteins, many of which are essential for cell signaling and adaptive response to stress. 9 , 10 Since cancer cells exploit this chaperone mechanism to support activated oncoproteins with important functions in the development and promotion of malignancy, targeting HSP90 has emerged as a promising approach to cancer therapy. 11 , 12 Small-molecule HSP90 inhibitors now under clinical evaluation occupy the ATP-binding pocket of HSP90, where they block ATP binding and stop the chaperone cycle, leading to ubiquitin proteasome-mediated degradation of its client proteins. 11 Early reports on the therapeutic efficacy of HSP90 inhibitors against widely different cancers have been encouraging. 13 , 14 Such drugs have shown both in vitro and in vivo activity in myeloproliferative malignancies 15 and in a subset of B-cell acute lymphoblastic leukemias with rearrangements of the cytokine receptor-like factor 2 gene (CRLF2). 16 The antitumor effects of the HSP90 inhibitors in these studies were mediated through degradation of JAK2, a member of the JAK tyrosine kinase family, and treatment with an HSP90 inhibitor overcame genetic resistance to JAK enzymatic inhibitors. 15 , 16 Together, these observations provide a compelling rationale for testing an HSP90 inhibitor as a means to target the activity of TYK2 in T-ALL.
show that AUY922 induces apoptosis in human T-ALL cell lines at concentrations associated with TYK2 degradation and downregulation of its downstream pathways, including dephosphorylation of STAT1 and downregulation of BCL2 expression. Our results also demonstrate that the proapoptotic BH3-only proteins BIM and BAD are upregulated by AUY922 treatment, simultaneously with the reduction of BCL2 levels. These results provide a mechanism for the induction of apoptosis by AUY922 in leukemic T-ALL cells, justifying further evaluation of this novel targeting strategy.
MATERIALS AND METHODS

Reagents
NVP-AUY922 (AUY922) was provided by Novartis (Basel, Switzerland). ABT-199 was purchased from Chemie Tek (Indianapolis, IN, USA).
Cell culture
All human T-ALL cell lines (KOPT-K1, DND41, JURKAT, SUP-T13, HPB-ALL, MOLT-4, MOLT-16, RPMI-8402, TALL-1, and LOUCY) were obtained from ATCC (Manassas, VA, USA) or DSMZ (Braunschweig, Germany). The creation of Ba/F3 cells transformed by TYK2-E957D was described previously. 6 JURKAT and KOPT-K1 cells overexpressing BCL2 were generated with the MSCV-IRES-GFP retroviral expression system. JURKAT and KOPT-K1 cells overexpressing BCL XL or MCL1 cDNA were generated with the pHAGE-CMV-IRES-ZsGreen lentiviral expression system. For additional information, see Supplementary Materials and Methods. These cells were maintained in RPMI-1640 medium (GIBCO, Waltham, MA, USA) supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA) and 1% penicillin/streptomycin (Invitrogen, Waltham, MA, USA).
shRNA knockdown experiments
All shRNA constructs cloned into the lentiviral vector pLKO.1-puro were obtained from the RNAi Consortium (Broad Institute, Cambridge, MA, USA). Target sequences for each  shRNA are listed in Supplementary Table 2 . For additional information, see Supplementary Materials and Methods.
Cell viability and growth analysis
Cell Titer Glo assay (Promega, Fitchburg, WI, USA) was used to assess relative cell viability and cell growth upon treatment. Cells were plated at a density of 5000 -10000 cells per well in a 96-well plate and incubated with DMSO or increasing concentrations of drug. The relative cell viability was measured after different treatment intervals and reported as a percentage of the DMSO control. The concentration of drug required for 50% inhibition of cell viability (IC 50 ) was determined by substituting values in the following equation:
, where A= higher concentration near 50%; B= lower concentration near 50%; C= inhibition rate at B; D= inhibition rate at A. Cell growth after treatment with a drug is reported as the fold change from day 0.
Apoptosis and cell-cycle analysis
The 
Statistical analysis
Statistical significance in assays with identical cell lines was assessed with Student's t test (two-tailed). GraphPad Prism 6.02 (GraphPad Software, La Jolla, CA, USA) was used for all statistical analyses.
RESULTS
The small-molecule HSP90 inhibitor NVP-AUY922 inhibits the growth of multiple TALL cell lines
To assess the antitumor potency of HSP90 inhibition against T-ALL cells, we first tested the inhibitory effect of AUY922 on the growth of multiple T-ALL cell lines. This agent induced remarkable cytotoxicity in each of the 10 human T-ALL cell lines tested, which harbor a range of different molecular aberrations typical of T-ALL (Supplementary Table 1 ) and express substantial levels of HSP90 and TYK2 (Supplementary Figure 1) . In each of the T-ALL cell lines, the 50% inhibitory concentration (IC 50 ) of AUY922 was less than or equal to 30.6 nM after 72 h of exposure ( Figure 1a and Supplementary Table 1 ). The relative cell viability after 96 h exposure to the drug was decreased in most cell lines when compared to that after 72 h of treatment, although the decrease of viability appeared to plateau at 30 nM in JURKAT cells (Supplementary Figure 2 and Supplementary Table 1 ). To confirm these results, we studied the cell growth kinetics of 4 representative T-ALL cell lines (KOPT-K1, HPB-ALL, JURKAT and LOUCY) treated with 30 nM of AUY922. The cell numbers in each cell line were significantly lower in the AUY922-treated samples than in the controls after 1 or 2 days of treatment, indicating that the drug induces cytotoxicity rather than just delaying cell proliferation ( Figure 1b ). These results demonstrate that AUY922 potently inhibits the growth of T-ALL cell lines, regardless of the genetic abnormalities that contribute to leukemic transformation.
AUY922 treatment induces apoptosis in T-ALL cell lines
To gain insight into the cytotoxic mechanism triggered by AUY922, we next assessed the effect of the inhibitor on apoptosis by Annexin V and PI double staining. 
HSP90 inhibition leads to TYK2 degradation and subsequent downregulation of its downstream pathway in T-ALL cells
As an HSP90 client protein, TYK2 offers an attractive target for AUY922 treatment. 7 , 8 Indeed, Ba/F3 cells transformed by constitutively activated TYK2 (TYK2-E957D) 6 were highly sensitive to AUY922 treatment (Figure 3a) , which was associated with AUY922-mediated TYK2 degradation ( Figure 3b) . Next, to assess the effect of HSP90 inhibition on TYK2-STAT1-BCL2 prosurvival signaling in T-ALL cells, we examined the status of this pathway in T-ALL cell lines treated with AUY922. Time-course analyses with HPB-ALL and JURKAT cells demonstrated a dramatic reduction in TYK2 levels and the elimination of STAT1 Tyr-701 phosphorylation after 16 h of treatment with 30 nM of AUY922, while levels of the STAT1 protein remained unaffected in both cell lines (Figure 4a ). Progressively lower levels of BCL2 were observed starting at 16 h after treatment with AUY922 in both cell lines, with the lowest levels seen at 48 h, whereas the levels of BCLxL and MCL1 proteins were unaffected in this context (Figure 4a ). AUY922 promoted HSP70 upregulation, a known response to HSP90 inhibition mediated by heat shock factor 1 ( Figure  4a ). 18 , 19 Rapid reduction of TYK2 and elimination of STAT1 Tyr-701 phosphorylation were also observed in multiple T-ALL cell lines treated with AUY922 for 16 h (Figure 4b) , with decreased levels of BCL2 protein confirmed by western blot analysis in each of these cells after 48 h of treatment (Figure 4c ). BCLxL and MCL1 protein levels were unaffected, except that BCLxL levels were slightly reduced in KOPT-K1 cells (Figure 4c ), a T-ALL cell line with a marked sensitivity to AUY922 (Figures 1 and 2 ; Supplementary Figures 3 and 4) . Quantitative RT-PCR showed that treatment with AUY922 also significantly decreased BCL2 mRNA levels (Figure 4d ), indicating that the AUY922-induced decrease of BCL2 is at least partly due to downregulation of its upstream signaling that promotes BCL2 transcription. BCLxL and MCL1 mRNA levels were unaffected by AUY922, except for decreased expression of BCLxL in KOPT-K1 cells treated with AUY922 (Figure 4d ). These results indicate that pharmacologic inhibition of HSP90 leads to TYK2 degradation and subsequent downregulation of its downstream signaling pathway in T-ALL cells.
Loss of BCL2 expression is necessary for AUY922-induced apoptosis in T-ALL cells
Because AUY922 treatment efficiently reduces BCL2 expression in T-ALL cells ( (Figure 4b) . Expression of the BCL2 protein was decreased after AUY922 treatment in BCLxL-or MCL1-overexpressing cells, but was maintained in cells that overexpress BCL2 (Figure 5d ). BCLxL and MCL1 levels were unaffected or upregulated by AUY922 treatment in this context (Figure 5d ). We also showed that overexpression of BCL2, but not BCLxL or MCL1, partially rescued the KOPT-K1 T-ALL cell line from AUY922-induced apoptosis, as best shown by its ability to block PARP cleavage (Supplementary Figures 7a -e ). These results demonstrate that exogenous expression of BCL2 can rescue T-ALL cells from apoptosis induced by AUY922, suggesting a central role for decreased levels of BCL2 in the apoptotic response induced by this drug.
AUY922 treatment not only downregulates BCL2, but also upregulates BIM and BAD
Recent reports on the efficacy of the BCL2-specific inhibitor ABT-199 have shown that this drug is not active in the killing of typical T-ALL cells, whereas T-ALL cells with an early Tcell progenitor (ETP) phenotype show remarkable sensitivity. 20 -22 Consistent with these findings, our results also show a lack of sensitivity of most T-ALL cell lines to ABT-199 (Supplementary Figure 8a) , whereas the LOUCY cell line, which is distinguished by its ETP phenotype, 23 was highly sensitive (Supplementary Figure 8b) . Thus, decreased expression of BCL2 alone does not appear sufficient to kill most T-ALL cell lines, implying that mechanisms besides downregulation of BCL2 contribute to the induction of apoptosis by AUY922.
BCL2 and other antiapoptotic BCL2 family proteins can block apoptosis by binding to and sequestering proapoptotic proteins in this family that cooperatively induce mitochondrial outer membrane permeabilization. 24 , 25 To investigate the relevance of this mechanism for AUY922-induced apoptosis in T-ALL cells, we studied the effects of the drug on levels of proapoptotic proteins and their interactions with overexpressed BCL2 in the JURKAT cell line. Treatment with 30 nM of AUY922 for 48 h resulted in increased BIM and BAD levels in the BCL2-overexpressing JURKAT cells, without an effect in the BCL2 level (Figure 6a,  lanes 1-3) . BAX expression was not detected in these cells, even after AUY922 treatment (Supplementary Figure 9a) , as others have shown for JURKAT cells; 26 while BAK expression was unchanged (Supplementary Figure 9b) . Levels of the BH3-only proteins BID, PUMA and BIK were also unaffected or even downregulated by AUY922 treatment (Supplementary Figures 9c -e) . Moreover, an immunoprecipitation assay with BCL2 antibody (IP BCL2) revealed that AUY922 treatment leads to increased binding of both BIM and BAD to BCL2 (Figure 6a , lanes 4-6), demonstrating that AUY922 triggers upregulation of BIM and BAD, and that these proapoptotic proteins are then sequestered in the cells by overexpressed BCL2.
We next determined whether BIM and BAD upregulation after AUY922 treatment occurs in the other human T-ALL cell lines that are sensitive to this drug. . BIM protein levels were also increased by AUY922 treatment in multiple T-ALL cell lines excluding LOUCY cells, whereas increased levels of BAD protein were observed in JURKAT and MOLT-4 cells at 48 h of exposure to the drug (Figure 6c) . Importantly, in all of the specific JURKAT cell lines and other T-ALL cell lines tested, treatment with ABT-199 had little or no effect on BIM and BAD expression levels as compared with AUY922 treatment (Figure 6b ; Supplementary Figure 10 ), suggesting that AUY922-mediated BIM and BAD upregulation is not associated with a decrease of BCL2 activity. We also showed that silencing of TYK2 by lentiviral shRNA knockdown resulted in increased levels of BAD expression in JURKAT cells, but not in KOPT-K1 cells (Figure 6d ). The BIM levels were not upregulated by TYK2 knockdown in either of the cell lines ( Figure   6d ). Thus, AUY922 treatment not only leads to decreased BCL2 levels, but also to increased levels of either BIM or BAD, or both proteins in T-ALL cell lines.
Increased BIM expression is crucial for AUY922-induced apoptosis in KOPT-K1 cells
Finally, to assess the importance of elevated proapoptotic BH3-only proteins in AUY922-mediated T-ALL cell death, we transduced KOPT-K1 cells, in which AUY922 had only upregulated BIM expression (Figure 6c ), with two independent shRNAs targeting BIM and a control luciferase shRNA, and then treated the cells with AUY922 or DMSO starting 4 days after infection. Cell viability assay after 48 h exposure to the drug demonstrated that incomplete BIM knockdown (Figure 7a ) partially rescued the decrease of cell viability induced by AUY922 (Figure 7b) . Moreover, flow cytometric analysis following TUNEL/PI double staining indicated that BIM knockdown led to a dramatic decrease in TUNEL positivity among cells treated with 30 nM of AUY922 (Figures 7c; Supplementary Figure  11 ). BIM expression levels in the cells transfected with BIM-targeting shRNAs were slightly upregulated by AUY922 treatment, but were still lower than in the cells transfected with a control shRNA (Figure 7d ). AUY922 treatment did not upregulate BAD levels in all of the shRNA-transfected KOPT-K1 cells (Figure 7d ), as observed in parental cells (Figure 6c ). We also showed that BIM knockdown was not able to rescue AUY922-induced decrease of viability in JURKAT cells ( Supplementary Figures 12a and b) , in which BAD protein levels were upregulated after AUY922 treatment unlike in KOPT-K1 cells (Supplementary Figures  12c) . These results demonstrate a critical role for increased BIM expression in AUY922-induced apoptosis in KOPT-K1 T-ALL cells, and indicate that upregulation of the BH3-only proteins after AUY922 treatment represents a second activity of the drug that synergistically contributes to cell death when coupled with a decrease of BCL2 expression.
DISCUSSION
Here we report the activity of a small-molecule HSP90 inhibitor, NVP-AUY922 (AUY922), against T-ALL cells. This agent efficiently impaired the TYK2-STAT1-BCL2 prosurvival pathway through TYK2 degradation, and then enhanced expression of the potent proapoptotic BH3-only proteins BIM and BAD, leading to apoptosis in T-ALL cells. These findings, in the context of an earlier study in which we demonstrated dependency on the TYK2-STAT1-BCL2 prosurvival signaling pathway in most T-ALL cell lines and more than half of patient-derived T-ALL xenografts, 6 suggest that targeting HSP90 would be a beneficial therapeutic strategy for many patients with T-ALL, especially those with high-risk disease.
The HSP90 chaperone machinery is central to the conformational maturation and overall stability of numerous client proteins, including oncogenic factors involved in cancer cell growth and survival, such as HER2, EGFR, ALK and JAK2. 11 , 12 , 15 , 16 Our finding that pharmacologic inhibition of HSP90 by AUY922 leads to rapid degradation of TYK2 in T-ALL cell lines (Figure 4 ) underscores the dependency of this kinase on HSP90 for its stability. Indeed, Taipale et al. have shown that the TYK2 kinase strongly binds to HSP90
and that exogenously expressed TYK2 protein in the HEK293T cell line strikingly decreased within 16 h after treatment with the HSP90 inhibitor ganetespib. 7 Importantly, AUY922 treatment efficiently reduced STAT1 phosphorylation and BCL2 expression levels in T-ALL cell lines (Figure 4) , while forced expression of BCL2 rescued AUY922-induced apoptosis ( Figure 5 ), consistent with the critical role of BCL2 in T-ALL oncogenesis. 6 , 27 We conclude that the AUY922-induced downregulation of BCL2 is due, at least in part, to a decrease in BCL2 mRNA, as indicated by quantitative RT-PCR analysis (Figure 4d ). These results agree with our previous work indicating that shRNA knockdown of the TYK2 or STAT1 gene results in a significant decrease of BCL2 mRNA expression in T-ALL cell lines. 6 Exceptions are the "TYK2-independent" LOUCY and TALL-1 cell lines, in which the BCL2 expression levels and the cell viability were unaffected by TYK2 shRNA knockdown, unlike other "TYK2-dependent" T-ALL cell lines. 6 Importantly, the LOUCY cell line has a transcriptional signature similar to ETP-ALL cells, which are associated with a poor prognosis, 28 and has been shown to be highly sensitive to BCL2 inhibition by ABT-199 (Supplementary Figure 8b) . 20 -22 We think it noteworthy that AUY922 treatment efficiently reduced BCL2 expression in LOUCY cells (Figure 4c ) and induced apoptosis without upregulation of BIM and BAD in this cell line (Figures 2, 6b and 6c ; Supplementary  Figure 3) , presumably by affecting another pathway that is independent of TYK2/STAT1 and mediated by proteins that are also HSP90 clients.
We also focused on the BH3-only proteins BIM and BAD as important coactivators of AUY922-induced apoptosis in T-ALL cells. BIM acts as a proapoptotic activator protein, while BIM and BCL2 have each been shown to be important determinants of commitment to apoptosis in lymphocytes. 29 , 30 Furthermore, Reynolds et al. have demonstrated that mimicking BIM function with a stapled peptide mimetic of the BIM BH3 domain has therapeutic activity against human T-ALL cells. 31 BAD forms a heterodimer with BCL2 and BCLxL, sequestering them to allow BAX/BAK-triggered apoptosis. Our study indicates that AUY922 treatment increases BIM and BAD expression levels in multiple T-ALL cell lines (Figure 6 ), accounting for the efficient induction of apoptosis, which was not observed after inhibition of BCL2 alone. These upregulated BH3-only proteins were captured and apoptosis was rescued by exogenously overexpressed BCL2 (Figures 5b and 6a ; Supplementary Figures 6a and b) , demonstrating that AUY922-induced upregulation of BIM and BAD contributes to T-ALL cell death in the context of decreased BCL2 expression. BIM upregulation induced by treatment with an HSP90 inhibitor has been reported in melanoma cells as well, in which concomitant downregulation of MCL1 also occurs after HSP90 inhibition, 32 , 33 suggesting that induction of proapoptotic BH3-only proteins and concomitant downregulation of prosurvival BCL2 family proteins could be generally involved in the antitumor activity of HSP90 inhibitors.
Interestingly, our results in the JURKAT T-ALL cell line demonstrate that the apoptosis induced by AUY922 can be rescued by overexpression of BCL2, but not BCLxL or MCL1 ( Figure 5 ), even though each of these prosurvival proteins is able to rescue daunomycininduced decrease of viability to a similar degree (Supplementary Figure 5) . We interpret these data to indicate an essential role for BCL2 in maintaining cell survival in the face of AUY922 treatment, an effect not provided even by very high levels of BCLxL or MCL1. However, most T-ALL cell lines are not sensitive to BCL2 inhibition by (Supplementary Figure 8a ) 20 -21 , indicating that loss of BCL2 expression alone is not sufficient to induce apoptosis in these cells, and that AUY922-induced apoptosis requires simultaneous upregulation of BIM and sometimes BAD. It is noteworthy that the basal expression levels of BIM protein in T-ALL cell lines highly sensitive to AUY922, such as DND41, KOPT-K1 and HPB-ALL, are relatively high compared to those in other cell lines (Supplementary Figure 1) . Although the BIM protein can be directly inactivated by BCLxL and MCL1, as well as BCL2, and the BAD protein also interacts with BCLxL and BCL2 24 , overexpression of BCLxL or MCL1 did not protect T-ALL cells from AUY922-induced apoptosis in our experiments ( Figure 5; Supplementary Figure 6) . Thus, the loss of BCL2 expression appears necessary but not sufficient by itself for AUY922-induced apoptosis in T-ALL cells.
In a phase I dose-escalation study of AUY922, 34 101 patients with advanced solid tumors received 1-h i.v. infusions of AUY922 once a week in a 28-day cycle. At the maximal dose of 70 mg/m 2 , AUY922 had acceptable tolerability. Importantly, the trough concentrations of AUY922 achieved in patients treated at dose levels of 40 mg/m 2 or more were higher than 20 ng/ml (42.9 nM), an efficacious plasma concentration in human cancer xenograft models. 17 , 35 Our in vitro study demonstrates that treatment with 30 nM of AUY922 efficiently decreases TYK2 levels, increases BIM and BAD expression, and ultimately induces significant growth arrest and apoptosis in multiple T-ALL cell lines, indicating that the tolerable AUY922 concentrations achieved in the phase I clinical trial would be adequate for the treatment of T-ALL. Thus, our study identifies HSP90 inhibition as a potential therapeutic strategy for T-ALL and provides a rationale for the evaluation of HSP90 inhibitors in patients with T-ALL. 
